The content of spermidine and spermine in mammalian cells has important roles in protein and nucleic acid synthesis and structure, protection from oxidative damage, activity of ion channels, cell proliferation, differentiation, and apoptosis. Spermidine is essential for viability and acts as the precursor of hypusine, a post-translational addition to eIF5A allowing the translation of mRNAs encoding proteins containing polyproline tracts. Studies with Gy mice and human patients with the very rare X-linked genetic condition Snyder-Robinson syndrome that both lack spermine synthase show clearly that the correct spermine:spermidine ratio is critical for normal growth and development.
The content of spermidine and spermine in mammalian cells has important roles in protein and nucleic acid synthesis and structure, protection from oxidative damage, activity of ion channels, cell proliferation, differentiation, and apoptosis. Spermidine is essential for viability and acts as the precursor of hypusine, a post-translational addition to eIF5A allowing the translation of mRNAs encoding proteins containing polyproline tracts. Studies with Gy mice and human patients with the very rare X-linked genetic condition Snyder-Robinson syndrome that both lack spermine synthase show clearly that the correct spermine:spermidine ratio is critical for normal growth and development.
There is very strong experimental evidence that maintenance of a normal polyamine content is essential for a wide variety of basic cellular functions. (a) Their content is very tightly controlled with the key enzymes in biosynthesis and interconversion having multiple levels of regulation in response to hormonal stimulation and polyamine content. (b) With the use of specific inhibitors of polyamine biosynthesis, it is relatively easy to substantially deplete cellular polyamine content, and striking effects have been observed on numerous critical cell functions including growth, differentiation, apoptosis, motility, and resistance to oxidative and other stresses. (c) The interaction of polyamines with nucleic acids and proteins can affect both structure and stability. Binding of polyamines to DNA affects its structure and stability (1) . The importance of the effects on DNA stability is emphasized by the presence in acute thermophiles of high levels of polyamines, including branched chain molecules and longer linear amines than those found in mammals. These allow their survival at elevated temperatures (2) . The majority of cellular polyamines are bound to RNA, and the changes in structure produced by binding to ribosomes, tRNA, and some mRNAs with particular sequences influence protein synthesis in multiple ways (3) . Interactions of polyamines with proteins forming microtubules can influence their assembly and shape (4) , and interaction with protein membrane receptors can have profound effects on crucial receptors.
It should be stressed that these observations, although confirming that polyamines are essential cellular components, do not indicate that the polyamines necessarily play regulatory roles. Experimental support for such regulation would require the demonstration that physiological rather than pharmacological changes in polyamine content are associated with alterations in function, and this has rarely been demonstrated rigorously.
It is not possible in a brief review to describe all of the actions that have been assigned to polyamines. The focus is on those functions that have been demonstrated to influence animal growth and development with particular emphasis on the phenotypes revealed by experimental animals and humans with an inborn error of metabolism leading to a reduction in spermine.
Polyamine Content and Metabolism
The polyamines synthesized by mammals are the triamine spermidine, the tetramine spermine, and their precursor putrescine ( Fig. 1 ). Traces from dietary sources of other polyamines such as agmatine may be present in human tissues, but there is no convincing evidence that these play any physiological role. In contrast, the native polyamines are essential for viability. The polyamine biosynthetic and interconversion pathway in mammals is well established and has been described in multiple reviews (5, 6) . Putrescine is formed by ornithine decarboxylase (ODC), 2 and S-adenosylmethionine decarboxylase (AdoMetDC) produces dcAdoMet ( Fig. 1 ). Inactivation of the ODC or AdoMetDC genes or treatment with ODC inhibitors results in lethality early in embryonic development (7) (8) (9) . The contents of ODC and AdoMetDC are very highly regulated at multiple levels in response to stimuli controlling polyamine levels. The supply of dcAdoMet limits the formation of the higher polyamines by spermidine synthase and spermine synthase ( Fig. 1 ). In mammals, these two aminopropyltransferases are highly specific with regard to their amine substrate (10, 11) . Restrictions in the active site in spermidine synthase will not allow the binding of the larger spermidine at the putrescine substrate site (12) , and the corresponding site in spermine synthase exclusively favors spermidine as substrate over putrescine (13) . The aminopropyltransferase reactions are effectively irreversible, but the polyamines can be interconverted by oxidative degradation directly via spermine oxidase or by acetylpolyamine oxidase after acetylation via spermidine/spermine-N 1 -acetyltranferase (SSAT) (6, 14) . The latter pathway is effectively controlled by the content of SSAT, a highly regulated cytosolic enzyme, which responds to high polyamine levels (14) .
Proliferation, Differentiation, and Apoptosis
Polyamines are essential for cell proliferation. Polyamine content is higher in rapidly growing tissues, and regenerative and growth-promoting hormonal stimuli enhance polyamine synthesis and content (15) (16) (17) . Treatment of cultured cells with ODC inhibitors such as ␣-difluoromethylornithine (DFMO) led to a virtually complete loss of putrescine and spermidine but little change in spermine and halted cell proliferation (18) . Cytostasis was reversed by the provision of exogenous putrescine or spermidine, which restored a normal spermidine content. Even after long exposure, the effects of DFMO were cytostatic rather than cytotoxic. This may be due to the presence of residual spermine and hypusinated eIF5A (see below), which both decline very slowly in quiescent cells. When treatments were used that depleted both spermidine and spermine, there were progressive decreases in both proliferation and viability and increased apoptosis, which were prevented by the provision of exogenous polyamines (19 -21) . Studies with cultured cells from rodents lacking spermine synthase confirmed that a normal growth rate was maintained in cells with elevated spermidine levels but no spermine (22, 23) .
Hypusine and eIF5A
Spermidine acts as the aminobutyl group donor for posttranslational modification of a specific lysine residue of translation factor eIF5A by deoxyhypusine synthase. Subsequent hydroxylation by deoxyhypusine hydroxylase results in formation of N ⑀ -(4-amino-2-hydroxybutyl)lysine (hypusine) (24, 25) . This modification is essential for eIF5A activity. The genes for eIF5A-1, deoxyhypusine synthase, and deoxyhypusine hydroxylase are essential for viability in mice (26 -28) . eIF5A may contribute to transcription, mRNA turnover, nucleocytoplasmic transport, and apoptosis (25, 29) , but its best understood function is to allow the translation of mRNAs encoding proteins containing polyproline tracts or triplets of PPX (where X may be Gly, Trp, Asp, or Asn) (30, 31) . Ribosomes arrest on such nascent polyproline stretches. The ribosome-bound hypusinylated eIF-5A reaches toward the peptidyltransferase center of the ribosome and stabilizes and orients the CCA end of the peptidyl-tRNA to allow synthesis through these regions (32) .
Proteins containing such proline repeats include proteins regulating key functions in growth and development including actin/cytoskeleton-associated functions, RNA splicing/turnover, DNA binding/transcription, and cell signaling (27, 33) . eIF5A is a relatively stable protein, but it can be acetylated either at Lys 47 (a residue essential for activity) by certain histone acetyltransferases or on the deoxyhypusine residue by SSAT (34) , suggesting that its function may be regulated by acetylation/deacetylation.
Vertebrates have a second gene encoding eIF5A2, which is not widely expressed and is not essential but is present in several cancers where it is associated with aggressive growth and a poor prognosis (27, 29) . Prevention of hypusine formation in eIF5A2 inhibits tumor growth and reduces expression of the oncogenic tyrosine kinase PEAK1 (35) .
Inhibitors of hypusine synthesis such as N 1 -guanyl-1,7-diaminoheptane (GC7) block growth in a similar way to DFMO (35) . Studies of the temporal effects in cells treated with both DFMO and N 1 -guanyl-1,7-diaminoheptane show a reduction of proliferation prior to the loss of hypusinated eIF5A, suggesting that spermidine is also required for other proliferative functions (36) . Interactions of polyamines with RNA can influence the content of individual proteins in multiple ways including alterations in ribosomal structure, facilitation of the formation of initiation complexes, and allowing readthrough of inefficient initiation complexes and enhancing frameshifting (3, (37) (38) (39) . Polyamines can also affect protein content via direct and indirect effects on post-translational protein processing (40, 41) and on protein degradation (41) (42) (43) .
The role of polyamines in affecting the level of key regulatory proteins is likely to underlie their importance in wound healing, cell migration, and tissue remodeling, which involves regulated apoptosis. Specific examples of such polyamine-regulated proteins involved in gastrointestinal mucosal growth and self-renewal have been described (44 -46) . Polyamine content is critical for stem cell differentiation including adipogenesis (47, 48) , osteogenesis (49, 50) , and muscle development (51) .
Polyamines and Ion Channels

Kir Channels
Potassium flux through Kir channels affects the resting membrane potential, cardiac and neuronal electrical activity, and electrolyte balance. In 1994, the Nichols laboratory showed that binding of polyamines caused rectification in the HRK1 Kir channel expressed in Xenopus oocytes (52) . Subsequent work has extended the observation to a large family of such Kir channels. There is a very steep voltage dependence of the polyaminemediated block, which is consistent with significant increases in excitability being associated with small changes in polyamine levels. Because spermine is more potent than spermidine (52, 53) , a change in the ratio of polyamines may also bring about significant alterations in activity.
Structural studies of the Kir1-7 subfamilies have shown that polyamines bind first to a "shallow" binding site at the cytoplasmic pore with weak voltage dependence and then migrate through a long pore to the deep position where they interact with an acidic residue described as the "rectification controller" to generate steep voltage dependence (54 -56) ( Fig. 2A ). Variants corresponding to various SNPs of the KCNJ10 gene show differences in spermine binding and response (57) .
Ionotropic Glutamate Receptors
The activities of gated ion channels that allow passage of cations through the cellular membrane and that respond to the binding of a ligand such as glutamate are involved in synaptic transmission and synaptic plasticity underlying learning and memory. There are three groups of these receptors each with multiple members based on their modifying agents: NMDA; AMPA; and kainate. The activities of some members of all three groups can be influenced by polyamines (3, 58 -60) .
These include some NMDA receptors that act as both ligand-gated and voltage-dependent channels and control synaptic plasticity (3, 58, 60) . Spermine is more potent than spermidine, and a wide variety of longer synthetic polyamines have been shown to have potent pharmacological effects. The effects of polyamines involve at least two sites and can lead to both stimulation and a weak voltage-dependent inhibition representing an open channel block. This complexity of effects reflects both the varied subunit composition of the receptors and their stimulatory agent and the presence of multiple sites at which polyamines can bind (61, 62) . Some of the effects of polyamines on NMDA receptors involve binding to extracellular sites on these channels. It is unclear to what extent extracellular concentrations of polyamines are sufficient to bring about these actions under physiological circumstances. However, some flux of polyamines through these channels may occur.
Polyamines affect members of the family of AMPA receptors that lack the GluA2 subunit (59, 63) . AMPA receptors are critical neurotransmitters responsible for fast excitatory neurotransmission in the CNS and regulate synaptic strength. These channels are subject to a block by endogenous intracellular polyamines (most potently spermine) that confers profound rectification on the responses and influences frequency- dependent facilitation at synapses expressing them (64, 65) . Binding of spermine occurs within the pore region of the channel and is usage voltage-dependent (Fig. 2, B-D) . Thus, polyamines may regulate the amount of Ca 2ϩ flux and the excitability threshold at developing synapses. Repetitive activation of these receptors results in facilitation due to polyamine unblocking (63) .
Spermine has a similar effect on some kainate receptors (which have roles in sensing pain, neuronal development, and synaptogenesis), producing a voltage-dependent block (59, 66) . Extracellular spermine may also potentiate kainate receptors with certain subunit compositions by relieving proton inhibition of the receptor (67) .
TRPC Channels and Connexins
TRPCs constitute a seven-member family of calcium-permeable, nonselective cation channels that function as storeoperated as well as second messenger-operated channels and regulate gastrointestinal smooth muscle excitability and contractility. TRPC4 and -5 are strongly inhibited by intracellular polyamines, particularly spermine, via interactions with two glutamate residues (68) . Communication between astrocytes was enhanced by spermine (69), and intracellular spermine increased gap junction communication and prevented uncoupling at low pH of connexin Cx43 channels (70) .
Toxicity of Polyamines
Very early studies on polyamines revealed significant toxicity when solutions containing spermine were injected into experimental animals (71) . The LD 50 of spermine was 10 times higher when administered orally. Acute toxic effects included hypotension, neurotoxicity, diuresis, and a potentially lethal nephrotoxicity. Spermidine was much less potent in producing such renal damage. These results focused attention on the potential role of oxidation products in damaging the kidneys, and many subsequent experiments have confirmed the toxicity of such metabolites toward isolated cells and organisms. Several Cu 2ϩdependent amine oxidases that attack the terminal amine groups of polyamines can form highly toxic products from spermine including hydrogen peroxide, reactive aldehydes, and acrolein (72, 73) . It seems probable that such metabolites may be responsible for the renal damage if high levels of spermine accumulate in the kidney. There is evidence that the bovine plasma amine oxidase could actually protect from injected spermine, presumably by reducing the renal level (71). The content of such plasma amine oxidases is highly species-dependent, and it is possible that maximal tolerated doses of spermine could differ substantially with species. The toxicity of polyamine oxidation products produced as described above and from the internal cleavage of spermine by spermine oxidase is well documented and has been implicated in the causation of stroke, other neurological diseases, renal failure, liver disease, and cancer (73, 74) .
Mice Lacking Spermine Synthase
In 1986, a mutant mouse strain was obtained after X-irradiation in which male offspring developed hypophosphatemia with rickets/osteomalacia and other abnormalities including a circling behavior that led to their description as Gyro or Gy (75) . These other alterations were not seen in Hyp mice, which have a similar hypophosphatemia due to inactivation of the phosphate-regulating gene Phex. In 1998, two groups (76, 77) showed that the Gy mice had a deletion of the part of the X chromosome that includes the spermine synthase gene as well as part of the adjacent Phex gene, suggesting that the additional changes, which include a greatly reduced size, sterility, deafness, neurological abnormalities, and a propensity to sudden death causing a very short life span, were due to the loss of spermine.
Subsequent studies confirmed that spermine synthase activity was absent from all tissues of the male Gy mice and that these tissues contained elevated levels of spermidine and lacked spermine (22) . Proof that the phenotype was due to the absence of spermine synthase was obtained by breeding with a transgenic mouse line CAG-SpmS that expresses spermine synthase from a ubiquitous and unregulated promoter (78) . Offspring with the transgene had normal brain function, hearing, balance, fertility, and life span despite the Gy mutation (79, 80) (Fig. 3) . The hypophosphatemia was not corrected, and there was a reduction in body weight due to a loss of bone mass because of the loss of the Phex gene product (Fig. 3D) . Spermine is therefore needed for normal neurological activity, growth, viability, and fertility in male mice. However, tight regulation of spermine synthase content is not required because there was a very large increase in spermine synthase above that found in normal control mice in all of the tissues studied ( Fig. 3B) (79) . This increase was not reflected in the spermine content, which was restored to levels only moderately above normal, but the substantial elevation of spermidine in Gy mice was abolished (Fig.  3A) . These findings indicate that the spermine:spermidine ratio is critical for normal growth and development.
All tissues from Gy mice had undetectable levels of spermine despite a diet that contains substantial amounts of this polyamine ( Fig. 3A) (22, 79) . Even after greatly increasing the spermine content in the diet or after administration of spermine by injection of the maximally tolerated dose, there was only a very limited uptake (80) .
A good case can be made that the impaired hearing, problems in balance, circling behavior, and short life span in Gy mice are related to malfunctions in ion channels due to the loss of spermine (80 -82) . The Gy mice were totally deaf and had an almost complete loss of the endocochlear potential; they also had serious problems with balance (80). These effects, which were abolished when spermine synthase was restored, can be explained by malfunction of the cochlear lateral wall-specific Kir4.1 channel (83) , which maintains the endocochlear potential and is known to be one of the channels subject to strong inward rectification by polyamines. One of the side effects of clinical treatment of humans with high doses of DFMO is a high frequency hearing loss (84) , but in general, DFMO has been found to be remarkably non-toxic in both clinical and animal studies. However, the Gy mice showed a striking toxic response to treatment with this ODC inhibitor (80) . Within 2-3 days of oral treatment with DFMO, they suffered a catastrophic loss of motor function resulting in death within 5 days. The inability to maintain normal balance is consistent with an important role for polyamines in maintaining normal functions of Kir and glutamate receptor channels. Impaired Kir channel activity is also likely to explain the restricted life span of the Gy mice (Fig. 3C) , which showed significant irregularities in cardiac electrical activity with arrhythmias leading to sudden death (82) . The steepness of rectification of cardiac Kir channels was reduced in myocytes isolated from such Gy mice (81) . In humans, loss of inward rectification in Kir2.1 channel due to an inherited mutation at one of the spermine-binding sites (Asp-172) caused short QT syndrome, which predisposes patients to life-threatening arrhythmias (85) .
Histological examination of the testicular morphology in Gy mice showed a reduction in Leydig cells and the almost complete absence of mature spermatozoa with most of the cells in the seminiferous tubules remaining as spermatogonia or early stage primary spermatocytes (79) . Levels of polyamines are known to be markedly lower in seminal plasma of infertile men. It is possible that brain-related endocrine alterations also influence sperm development in Gy mice via changes in gonadotrophins, which are known to influence ODC activity in Leydig and Sertoli cells via changes in cAMP (86) .
The small size and poor muscle development in Gy mice are consistent with the role of polyamines in protein synthesis, cell proliferation, and differentiation. However, cultured fibroblasts lacking spermine derived from these mice grew at a normal rate, although they differed in sensitivity to some DNAdamaging agents including UV radiation (22, 23, 87) . This suggests that the high levels of spermidine are sufficient to allow normal cellular growth and proliferation and that the defect in Gy mice is also related to the critical role of the spermine:spermidine ratio in myocyte differentiation (51) .
Unfortunately, the Gy model cannot be used to study the effects of spermine on osteogenesis because of the simultaneous deletion of the Phex gene. Attempts to generate mice with a specific inactivation of the SMS gene have not led to viable progeny in the 129/SVJ strain tested (87) . The Gy mice are only viable on the B6C3H background. Attempts to move the phenotype by breeding to a more defined background were unsuccessful. It is therefore likely that this mixed strain has some other genes that allow survival in the absence of spermine. The identification of these genes would be very useful in the understanding of polyamine function.
Humans Lacking Spermine Synthase
In 2003, Schwartz and colleagues (88) discovered that a very rare X-linked recessive condition termed Snyder-Robinson syndrome (SRS) was due to a mutation in the spermine synthase (SMS) gene located at Xp.21.3-p22.12. This mutation causes incorrect splicing that inserts a premature stop codon, resulting in an inactive truncated protein. A small level of correct splicing produces some spermine synthase activity (10 -15%) . SRS syndrome in the original family presented as an X-linked recessive trait associated with cause mild-to-moderate mental retardation and a variety of other characteristics described below.
Subsequent genetic and biochemical analysis of other males with potential SRS has identified other point mutations at 13 different sites (Fig. 4) in the coding region of the SMS gene (89 -94) . Most of these mutations have been tested after expression of the mutant protein in vitro, and all alterations lead to loss of most spermine synthase activity (Ͼ90%), and in many cases, significantly decreased protein stability and protein content. The expansion of cases of SRS has led to a fuller understanding of the typical features of this syndrome. All affected males show intellectual disability, speech abnormalities, muscle hypoplasia, diminished body bulk, hypotonia, and some form of osteoporosis. Kyphoscoliosis, facial dysmorphism, long great toes, and an unsteady gait and seizures are common; renal abnormalities and myopia occur in some patients. The physical signs evolve from childhood to adulthood.
In addition to genetic analysis, SRS can be diagnosed by LC-MS/MS measurement of spermine/spermidine ratio in patient lymphoblasts (89) . Plasma content of N 8 -acetylspermidine may also be a valuable marker (94) . Cultured lymphoblasts or fibroblasts from SRS males show a major reduction in immunoreactive spermine synthase and a large decrease in the spermine: spermidine ratio. Spermine is not absent but is significantly reduced, whereas spermidine is substantially increased. The connection between the spermine synthase mutation and SRS is clearly firmly established, but the severity of symptoms is not well correlated with the extent of the alteration in polyamine content. This could be related to the putative modifying genes suggested above in connection with the Gy mice, but it is hard to reach definite conclusions without more information on polyamine content in target cells. Polyamine levels in bone marrow stromal cells from two brothers caused by a Q148R mutation were analyzed, and there was a greater reduction in spermine and increase in spermidine than seen in fibroblasts (90) . It is therefore possible that cell types other than the readily obtained lymphoblasts or fibroblasts may have more pro-nounced alterations in polyamines, although it should be noted that levels vary with growth rate.
The skeletal abnormalities in SRS males correlate with a severe deficiency of calcium phosphate mineralization and a depletion of osteoblasts, and there is convincing experimental evidence that polyamines promote osteogenic differentiation (49, 50) . These effects could also occur in Gy mice but be masked by the Phex deletion. The neurological and behavioral changes and the propensity to stroke in SRS can readily be associated with changes in polyamine-regulated ion channels. Volumetric neuroimaging analyses revealed changes in the brains of SRS (95) .
It is possible that some of the changes in Gy mice related to Kir channels such as deafness and cardiac arrhythmias leading to sudden death are not seen in humans due to the continued presence of some spermine. The source of this spermine is unclear. It may be due to some limited spermine synthase activity because none of the mutations totally eliminates the hSMS gene, but the activity of the these proteins is very low when expressed in a recombinant form and they are also very unstable, leading to a much lower protein content. Another possibility is that human spermidine synthase may have a greater capacity to make spermine than the mouse equivalent. It is not likely to be due to dietary uptake as significant spermine is seen in SRS cells grown in culture using polyamine-free media.
Spermine synthase is a homodimer containing two active sites, and dimerization is essential for activity. Each monomer is made up of three domains: a C-terminal domain, which contains the active site; a central domain made up of four ␤-strands and an N-terminal domain needed for dimerization ( Fig. 4 ) (13) . Mutations of spermine synthase leading to SRS are found in all of these regions and in linker sequences (Fig. 4) . Some mutations prevent dimerization. The possibility of using small molecules to restore activity and stability to these mutants by interacting with the dimer interface is under active investigation (96) .
An alternative approach to providing more general therapy for SRS would be to attempt to restore spermine levels by direct administration. This is not a simple procedure because, as described above, there is significant toxicity of direct spermine administration, whereas dietary manipulation to increase total spermine intake did not raise spermine levels in tissues of Gy mice due to impaired uptake. Membrane transport of polyamines in mammals is blocked by antizyme, a protein that also promotes the degradation of ODC and is induced by spermidine (43, 97) . The frameshifting mechanism that underlies this induction is quite well understood (38) , and it may be possible to design small molecules to interfere with this. These would have the disadvantage of also increasing ODC, but contrary to many statements in the literature, the limiting step in the synthesis of spermidine is not ODC but the availability of dcA-doMet. Another approach would be to test membrane-permeable derivatives of spermine that could then be converted to spermine inside the cell. A pilot molecule for such studies would be N 1 ,N 12 -diacetylspermine. Although it is possible that very early intervention would be needed to restore a totally normal phenotype, the progressive nature of the conditions does suggest that a way to normalize the spermine:spermidine ratio would have beneficial effects. Despite the differences between the phenotypes of SRS patients and Gy mice, these mice do provide a model for the examination of such approaches to increasing intracellular spermine.
